We examined the structural components of pertussis toxin that are required for efficient export from Bordetella pertussis via the Ptl system, a member of the type IV family of macromolecular transporters. First, we constructed a strain of B. pertussis that contains a functional Ptl system but does not produce pertussis toxin. Plasmids which express either the S1 subunit or the B oligomer were then introduced into this strain. We found that the B oligomer of the toxin is not secreted in the absence of the S1 subunit. Conversely, the S1 subunit is also not secreted by a Ptl-mediated mechanism in the absence of the B oligomer. Thus, an assembled holotoxin is required for Ptl-mediated export of pertussis toxin from B. pertussis.
Proper targeting of many protein toxins produced by gramnegative bacteria requires secretion of the toxin into the extracellular milieu. This transport process, while essential for toxin action, is complex and usually requires a number of bacterial accessory proteins. One such secreted toxin is pertussis toxin (PT), an essential virulence factor that is exported from Bordetella pertussis with the help of a set of nine accessory proteins known as the Ptl proteins (30) .
PT is an oligomeric protein composed of five different subunits, S1 through S5 (22, 23, 29) . Structurally, PT belongs to the A-B class of bacterial toxins. Its enzymatically active A component is the S1 subunit which catalyzes the ADP ribosylation of GTP-binding regulatory proteins that are involved in signal transduction in the eukaryotic cell (12, 16) . To manifest its biological effects, S1 must associate with the B oligomer, which binds receptors on the eukaryotic cell and mediates the translocation of S1 into the cell (15, 29) . The B oligomer is a ring-shaped structure that consists of one copy each of subunits S2, S3, and S5 and two copies of subunit S4 (26, 29) . The assembled holotoxin has a molecular mass of 105 kDa (23, 29) .
The subunits of PT are encoded by the ptx genes that are located in a large operon which also contains the genes encoding the Ptl proteins (30) . Once the PT subunits are synthesized, they must fold, assemble, and cross the inner and outer bacterial membranes before interacting with the eukaryotic cell. However, the mechanistic details and sequence of events in the pathway of PT assembly and secretion are not well understood. Because the DNA sequence of the PT structural genes indicates that each subunit is synthesized with a signal peptide (22, 23) , it has been suggested that the individual subunits cross the inner membrane in an unfolded state through a Sec-like pathway. Transport across the outer membrane is then thought to be completed with the assistance of the Ptl proteins; which are members of a rapidly growing family of proteins, known as type IV transporters, that facilitate the export of proteins and/or DNA from bacterial cells (7, 30, 32) .
Fundamental questions remain regarding the nature of the interactions between the Ptl proteins and PT. For example, it has not been established whether the Ptl proteins function by transporting individual PT subunits or the assembled holotoxin. In this report, we have examined the structural elements of PT required for Ptl-mediated secretion in order to better understand the mechanistic details of the transport process.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and plasmids. The strains of B. pertussis and Escherichia coli and the plasmids used in this study are listed in Table 1 . B. pertussis strains were grown at 37°C on Bordet-Gengou (BG) agar or in Stainer-Scholte liquid medium. For liquid cultures, cells that had been grown on BG agar plates were resuspended in 20 ml of Stainer-Scholte medium to yield an A 550 of 0.2. The strains were then grown in shaking culture for 48 h to an A 550 of 1.2 to 1.5.
Construction of an in-frame deletion in the PT structural genes. A 2.6-kb segment of the ptx region, extending from nucleotide 936 through nucleotide 3514 and corresponding to the second half of ptxS1, ptxS2, ptxS4, and ptxS5 and 84% of ptxS3, was deleted from the B. pertussis chromosome (Fig. 1) by homologous recombination as follows. Nucleotides 1 to 935 of the ptx region were excised as an SstI-SalI fragment from pSZH1, a plasmid in which a PCR fragment consisting of nucleotides 1 to 1316 had been inserted into pUC19 (13) . The SstI-SalI fragment, which included the ptx-ptl promoter region and approximately half of ptxS1, was inserted into pGEM11Zfϩ, resulting in pTH13. Using PCR, as described previously (14) , nucleotides 3515 to 4574 of the ptx-ptl region were amplified as a SalI-BamHI fragment, using the upstream primer 5Ј-CTCCG CCAGGTCGACGTACGCGTCCACGTCAGCAAGGAA (9 nucleotides, followed by a SalI site [underlined] , and nucleotides 3515 to 3538 of the ptx region) and the downstream primer 5Ј-TGCAATGGATCCAAAGCGCGACCT (nucleotides 4580 to 4557 of the ptl region; BamHI site is underlined). The amplified DNA fragment, which included the last 114 nucleotides of ptxS3, ptlA, ptlB, and a small portion of ptlC, was inserted into the SalI-BamHI site of pTH13, generating pTH14. The EcoRI-BamHI fragment from pTH14, corresponding to nucleotides 1 to 935 of the ptx region, followed by nucleotides 3515 to 4574 of the ptx-ptl region, was inserted into pSS1129, a vector which cannot replicate in B. pertussis (27) , generating pTH16. Next, pTH16 was transformed into E. coli DH5␣ and transferred to B. pertussis BP536 by triparental conjugation using E. coli DH5␣ containing the helper plasmid pRK2013 (10) as described previously (2). The BP536 cells in which pTH16 had integrated into the chromosome by homologous recombination were selected on BG plates containing gentamicin (10 g/ml) and a colicin B-enriched bacterial lysate (gift of Diana Amsbaugh, Food and Drug Administration) which was prepared from the colicin-producing E. coli strain DM1187(pCLB1) as previously described (4). Colicin B was used to counterselect against E. coli. Gentamicin resistance (Gen r ) was conferred by integration of pTH16 into the chromosome. A second homologous recombination was achieved by selection on BG agar plates containing streptomycin (100 g/ml), resulting in loss of the plasmid which contained the rpsL gene, encoding streptomycin sensitivity (Sm s ). Strains in which the two homologous recombination events occurred on opposite sides of the deleted segment should have sustained the intended deletion.
Streptomycin-resistant (Sm r ) exconjugants sustaining the 2.6-kb deletion in the ptx genes were identified by PCR as follows. PCR was performed using template DNA from streptomycin resistant exconjugants, an upstream oligonucleotide primer (5Ј-CGCGAGCTCCCGGCCGGCACCATCCCGCATACGTGTTGG) which included the sequence corresponding to nucleotides 271 to 300 of the ptx region (underlined), and a downstream oligonucleotide primer (5Ј-TGCAATG GATCCAAAGCGCGACCT) corresponding to nucleotides 4580 to 4557 of the ptl region. Using template DNA from strains sustaining the 2.6-kb deletion, PCR should have resulted in an amplified product of 1.7 kb. In contrast, using template DNA from strains not sustaining the deletion, these oligonucleotide primers theoretically would define a 4.3-kb product. A strain which resulted in a 1.7-kb product, which we designated BPH101, was selected for further characterization. Throughout this report, we will refer to this strain as BP536⌬ptx to emphasize the type of mutation that the strain carries.
BP536⌬ptx was expected to produce the Ptl proteins, but not the PT subunits, except possibly a truncated S1 protein or a mutant protein consisting of the N-terminal half of S1 and the C-terminal end of S3. To test this, a cell extract of BP536⌬ptx was first examined by immunoblotting using a polyclonal antibody specific for PtlF (14) . As expected, in BP536⌬ptx, PtlF was readily detected at levels similar to that observed in wild-type B. pertussis (data not shown). In an attempt to visualize the S1 subunit, BP536⌬ptx was examined by immunoblotting using monoclonal antibody 3CX4, which recognizes a conformational epitope on the S1 subunit, and monoclonal antibody X2X5, which recognizes a linear epitope located near the N-terminal end of S1 (19) . No stable forms of S1 were detected by immunoblotting using either of these monoclonal antibodies (data not shown).
Construction of an in-frame deletion in the PT structural genes and the ptl genes. Virtually the entire ptx-ptl region, extending from nucleotide 425 through nucleotide 11971, was deleted from the B. pertussis chromosome by using homologous recombination, as follows. pSZH4, which contains the entire ptx-ptl region (13) , was digested with Asp718I, resulting in excision of nucleotides 425 to 11971 of the ptx-ptl region. The remaining vector was religated, and the EcoRI-HindIII fragment encompassing nucleotides 1 to 424 of the ptx region, followed by nucleotides 11972 to 13025 of the ptl region, was inserted into pSS1129. The resultant vector, pDMC28, was transformed into E. coli SM10pir and introduced into BP536ptlC::tet by biparental mating. BP536ptlC::tet has a deletion in a portion of ptlC, extending from nucleotide 5198 to nucleotide 5738, with a tetracycline resistance (Tet r ) cassette inserted in place of the deleted segment (8) . Cells in which pDMC28 had integrated into the chromosome by homologous recombination were selected on BG agar plates containing nalidixic acid (50 g/ml) and gentamicin (10 g/ml). Next, colonies were plated onto BG agar containing streptomycin (100 g/ml) to select for loss of the plasmid by homologous recombination. Finally, loss of tetracycline resistance was used as a marker for the strain sustaining a deletion in the ptx-ptl region, which we designated BP536⌬ptxptl. The deleted segment included the ptx-ptl promoter region, all of the ptx genes, and the ptl genes except for the extreme 3Ј end of ptlH.
Introduction of the genes encoding S1 and the B oligomer in trans into BP536⌬ptx and BP536⌬ptxptl. Plasmids capable of expressing the S1 subunit were constructed as follows. Nucleotides 1 to 1316 of the ptx region, including the ptx-ptl promoter through the end of ptxS1, were inserted into pUFR047 (9) and pRK415 (17), broad-host-range plasmids which can replicate in B. pertussis, generating pDMC36 and pTH19, respectively. First, nucleotides 1 to 1316 of the ptx region were excised from pSK10 (20) as a HindIII-XbaI fragment and inserted into pRK415, resulting in pTH19. The HindIII-XbaI fragment from pSK10 was inserted into pUC19 and then excised as a HindIII-SstI fragment. The HindIII-SstI fragment was then inserted into pUFR047, resulting in pDMC36.
A plasmid capable of expressing the subunits of the B oligomer was next constructed. Nucleotides 1356 to 3628 of the ptx region, encompassing the genes encoding the subunits of the B oligomer, were inserted downstream of the lacZ promoter in pUFR047, as follows. Using PCR as described previously (14), two DNA fragments were generated. The first fragment consisted of ptxS2 and the first 44 nucleotides of ptxS4, preceded by a sequence for a ribosomal binding site. The upstream primer was 5Ј-CTCCGCGAATTCTAATTAATTAAAGGAAAC AGCGATGCCGATCGACCGCAAGACGCTC (6 nucleotides followed by an EcoRI site, stop codons in three reading frames, nucleotides AGGA representing a ribosomal binding site, 7 nucleotides, and nucleotides 1356 to 1379 of the The second DNA fragment consisted of the remaining nucleotides of ptxS4, ptxS5, and ptxS3. The upstream primer was 5Ј-ACTCGAACCACCGCCCCGG GACAGGG (nucleotides 2048 to 2073 of the ptx region; XmaI site is underlined). The downstream primer was 5Ј-CTCCGCAAGCTTTCAGCATATCGA CGCTGCCGGGTT (6 nucleotides, followed by a HindIII site, and nucleotides 3628 to 3605 of the ptx region). The first DNA fragment was inserted into the EcoRI-XmaI site of pUC19. The second DNA fragment was inserted into the XmaI-HindIII site of the resultant vector. Next, the two fragments were excised as one DNA segment and inserted into pUFR047, using EcoRI and HindIII. In the resultant vector, pTH18, the genes encoding the subunits of the B oligomer were situated downstream from the lacZ promoter. Each of the plasmids pDMC36, pTH19, and pTH18 was transformed into E. coli DH5␣. pDMC36 (pUFR047 containing the ptx-ptl promoter and ptxS1) and pTH18 (pUFR047 containing the genes encoding the B oligomer) were separately introduced into BP536⌬ptx by triparental conjugation as described previously (2) . Exconjugants were selected on BG agar containing gentamicin (10 g/ml) and streptomycin (100 g/ml). The same procedures were used to introduce plasmids pDMC36 and pTH18 separately into BP536⌬ptxptl.
Next, pTH19, containing the ptx-ptl promoter region and ptxS1 in pRK415, was introduced into BP536⌬ptx(pTH18) via triparental conjugation. Exconjugants were selected on BG agar containing gentamicin (10 g/ml), tetracycline (10 g/ ml), and streptomycin (100 g/ml). The resultant strain, BP536⌬ptx(pTH18) (pTH19), contained ptxS1 and the genes encoding the B oligomer subunits on two separate plasmids. In the same manner, pTH19 was introduced into BP536⌬ptxptl (pTH18).
Expression of phoA in BPM3171. As a control for cell lysis which could result in release of PT subunits into culture supernatants, we utilized BPM3171, a B. pertussis strain which has a transposon inserted in ptlC (30, 31) . This strain produces all of the PT subunits but lacks a functional Ptl transport system. By expressing phoA encoding periplasmically active alkaline phosphatase in BPM3171, we were able to compare the relative amounts of PT subunits and alkaline phosphatase activity in the supernatant and cellular material of cultures. Alkaline phosphatase activity observed in the culture supernatant was indicative of cell lysis. We introduced a plasmid containing phoA into BPM3171 as follows. The plasmid p2959, which contains an altered phoA gene preceded by the sequence for a ribosomal binding site and flanked by EcoRI sites, was obtained from Scott Stibitz (Food and Drug Administration). The phoA gene contained in this plasmid has three point mutations but is still able to express active alkaline phosphatase. The mutations consist of a change in the start codon of phoA from GTG to ATG and silent point mutations in the two EcoRI sites of phoA. Using EcoRI, the phoA gene was excised from p2959 and inserted into pUFR047. Insertion of the phoA gene in the same orientation as the lacZ promoter of pUFR047 was demonstrated by restriction enzyme analysis with SphI. The resultant plasmid, pTH22, was transformed into E. coli SM10pir and transferred into BPM3171 by triparental conjugation. Exconjugants were selected on BG agar containing gentamicin (10 g/ml) and kanamycin (25 g/ml).
Alkaline phosphatase assay. Cells and supernatant fractions from liquid cultures of BPM3171(pTH22) were collected by centrifugation at 17,000 ϫ g for 10 min. Cells were resuspended in a volume of 1.0 M Tris-HCl, pH 8.0, equivalent to the volume of the supernatant. A volume of 0.5 ml of 1.0 M Tris-HCl, pH 8.0, was added to 0.5 ml of the cell suspensions and supernatants or appropriate dilutions in the same buffer. Cells were permeabilized by the addition of 30 l of chloroform and 30 l of 0.1% sodium dodecyl sulfate (SDS), followed by vortexing. Supernatants were treated in the same manner. The assay for alkaline phosphatase was performed essentially as described by Brickman and Beckwith (3) . After the addition of 0.1 ml of 0.4% para-nitrophenylphosphate, samples were incubated at room temperature for 15 min, at which time 0.1 ml of 1 M K 2 HPO 4 was added to stop the reactions. The optical density of each sample was read at 420 and 550 nm. The relative amount of alkaline phosphatase activity in the cells and supernatant of BPM3171(pTH22) was determined based on the ratio of the respective dilution factors which resulted in the same amount of absorbance by p-nitrophenol (A 420 , corrected for light scattering by cell debris).
Immunoblot analysis of cell extracts and culture supernatants. Cells and supernatant fractions from liquid cultures were collected by centrifugation of 5 ml of the culture at 17,000 ϫ g for 10 min. Cells were resuspended in 5 ml of phosphate-buffered saline (pH 7.4). Samples of cell extracts (100 l or as otherwise specified) and supernatants (400 l or as otherwise specified) were precipitated with 2.3 times the volume of 100% ethanol by incubating in a dry ice-ethanol bath for 30 min. After centrifugation, the precipitates were suspended in 15 l of SDS sample buffer.
Samples were subjected to SDS-polyacrylamide gel electrophoresis, performed essentially as described by Laemmli (21), using 15% polyacrylamide gels. After electrophoresis, proteins were electrophoretically transferred to nitrocellulose as previously described (14) . Immunoblot analysis was performed as previously described (5) with monoclonal antibody 3CX4 (18) to visualize the S1 subunit and monoclonal antibody P11B10 (11) to visualize the S2 subunit.
RESULTS
Development of a system to assess transport of PT and its individual components. In order to determine whether the Ptl system functions by facilitating transport of the individual PT subunits or the assembled holotoxin, we developed a system which we could use to analyze Ptl-mediated transport of the individual components of PT, the S1 subunit or the B oligomer. First, we constructed a strain which does not produce PT subunits but which contains a functional Ptl transport system. We did this by introducing a large in-frame deletion into the ptx region of the wild-type strain BP536 extending from midway in ptxS1 through essentially the end of ptxS3, as described in Materials and Methods. A schematic diagram depicting the deletion in this strain, BP536⌬ptx, is shown in Fig. 1 . Individual plasmids capable of expressing either S1 or the B oligomer were then constructed. The ptx-ptl promoter region followed by ptxS1 was inserted into the broad-host-range plasmids pUFR047 and pRK415 to generate pDMC36 and pTH19, respectively. The genes encoding the subunits of the B oligomer were inserted behind the lacZ promoter in pUFR047 to generate pTH18. These plasmids were then introduced individually or together into BP536⌬ptx, and secretion of PT was examined.
In order to verify that the Ptl proteins of BP536⌬ptx were functional, we compared secretion of PT from BP536⌬ptx (pTH18)(pTH19) with that of wild-type BP536. As shown in Fig. 2A , when both S1 and the B oligomer were expressed in BP536⌬ptx, the relative amount of S2 (detected by immunoblot analysis) which was secreted into the culture supernatant was similar to that observed in wild-type B. pertussis. This finding confirmed that BP536⌬ptx produced a functional Ptl system.
In order to verify that the secretion of PT from BP536⌬ptx (pTH18)(pTH19) was mediated by the Ptl proteins, we introduced pTH18 and pTH19 into the strain BP536⌬ptxptl, which contains an 11.5-kb deletion of the ptx-ptl region and thus does not have a functional Ptl system. As expected, when both S1 and the B oligomer were expressed in BP536⌬ptxptl, the S2 remained cell associated; none was detected in the culture supernatant (Fig. 2B) .
In the absence of S1, the B oligomer is inefficiently secreted. Next, by immunoblot analysis, we examined secretion of S2 in BP536⌬ptx containing only pTH18, the plasmid into which the genes encoding the subunits of the B oligomer were inserted. This strain, BP536⌬ptx(pTH18), produces a functional Ptl system and the B oligomer subunits but no S1. To optimize our ability to detect S2 in the culture supernatant, we loaded four times more supernatant relative to cellular material on the SDS-polyacrylamide gel used for the immunoblot. As shown in Fig. 3 , in BP536⌬ptx(pTH18), S2 was readily detected in the cellular material (lane 3) but was barely detectable in the supernatant (lane 2). Compared with wild-type B. pertussis, secretion of S2 in BP536⌬ptx(pTH18) was extremely inefficient (Fig. 3; compare lanes 2 and 3 to lanes 6 and 7) . As expected, when pTH18 was introduced into BP536⌬ptxptl, S2 was not detected in the supernatant; all of the S2 remained cell associated (Fig. 3, lanes 4 and 5) . When we examined BP536⌬ptx (pTH18) and BP536⌬ptxptl(pTH18) for secretion of S4 using monoclonal antibody 6DX3 (18) as a probe, we obtained results analogous to those for S2 (data not shown). Our findings indicate that in the absence of S1, secretion of the B oligomer is extremely inefficient.
In the absence of the B oligomer, S1 is not secreted by the Ptl transport system. We also examined secretion of S1 from BP536⌬ptx and BP536⌬ptxptl, each harboring pDMC36, a plas-mid into which was inserted the coding sequence for the ptx-ptl promoter region followed by ptxS1. The backbone used for this plasmid was the broad-host-range vector pUFR047, the same as that used for pTH18. As before, to optimize our ability to detect S1 in the culture supernatant, we loaded four times more supernatant relative to cellular material on the SDS-polyacrylamide gel used for the immunoblot. In wild-type B. pertussis, BP536, full-length S1 was readily detected in the culture supernatant (Fig. 4, lane 6 ). In the wild-type strain, the efficiency of secretion of S1 (Fig. 4, lanes 6 and 7) was similar to that observed for the B oligomer ( Fig. 2A, lanes 4 and 5) . Cultures of BP536⌬ptx(pDMC36), which should express S1 and the Ptl proteins, but not the B oligomer, exhibited S1 in both the culture supernatant and cellular material (Fig. 4, lanes  2 and 3) . In this strain, relatively little full-length S1 was detected. The latter finding was not surprising because S1 is known to be susceptible to proteolysis, particularly when not associated with the B oligomer (6) . A lower-molecular-weight form of S1 that likely represents a commonly observed degradation product (6) was the predominant form of S1 observed in the supernatant (Fig. 4, lane 2) ; a small amount of this degradation product was also observed in the cellular material (Fig.  4, lane 3) . The predominant form of S1 observed in the cellular material migrated slightly slower than full-length S1 (Fig. 4,  lane 3 ). This form of S1 has been observed previously in a wild-type strain of B. pertussis carrying a plasmid encoding S1 (20) and may represent a form of S1 in which the signal peptide, which has a predicted molecular weight of ϳ3,800, was not removed because high-level production from the plasmid may have exceeded the normal processing capability of the cell. By visual examination, the total amount of S1 detected in 400 l of the supernatant of BP536⌬ptx(pDMC36) was at least as great as the total amount detected in 100 l of the cell extract (Fig. 4, compare lanes 2 and 3) , indicating that at least 20% of the total S1 content of the culture was found in the supernatant. In order to determine whether S1 observed in the supernatant was actively secreted by a Ptl-mediated mechanism, we examined cultures of BP536⌬ptxptl(pDMC36). We found that the relative amounts of the various forms of S1 in the supernatant and cellular material were identical to that seen for BP536⌬ptx(pDMC36) (Fig. 4, lanes 4 and 5) . Since BP536⌬ptxptl (pDMC36) lacks the Ptl transport system, any S1 that had been released into the supernatant could not have been secreted via the Ptl transport system. This finding indicated that even though BP536⌬ptx(pDMC36) produces a functional Ptl transport system, the S1 observed in the culture supernatant of this strain is not secreted via the Ptl system.
We next set out to address whether the amount of S1 that we observed in the culture supernatant of strains that did not exhibit Ptl-mediated secretion could be accounted for by lysis of the cells. In order to examine this question, we utilized strain BPM3171, which has a transposon inserted in ptlC and therefore lacks a functional Ptl transport system (30, 31) . Examination of the supernatant and cellular fraction of BPM3171 indicated that the ratio of S1 in the supernatant compared to the cellular fraction was similar to that observed with BP536⌬ptx (pDMC36); that is, approximately 20% of the total S1 subunit content was found in the supernatant (data not shown). We next introduced a plasmid which expresses the phoA gene encoding alkaline phosphatase, an enzyme that normally localizes to the bacterial periplasmic space, into this strain to assess cell lysis. Using the same conditions described above, we obtained cellular material and the supernatant from a culture of BPM3171 expressing phoA and examined serial dilutions of these fractions for alkaline phosphatase activity. We detected alkaline phosphatase activity in both the cellular material and supernatant, at a relative ratio of approximately 8:1. This finding indicated that at least some of the S1 detected in the culture supernatant of B. pertussis strains lacking a functional Ptl transport system may be due to cell lysis.
DISCUSSION
In this study, we developed a dual plasmid system to study the requirement of holotoxin assembly in Ptl-mediated secretion of PT. Using this system, we were able to examine the secretion of the S1 subunit or the B oligomer, individually, in a strain that contains a functional Ptl system. Our results indicate that only the holotoxin form of PT is efficiently released from the bacteria by a Ptl-mediated mechanism. Neither the individual S1 subunit nor the B oligomer is properly exported by the Ptl system in the absence of the other.
Our work also suggests that secretion of PT from B. pertussis may not be an efficient process in that significant quantities of PT subunits remained cell associated, even in wild-type strains of B. pertussis. As seen in Fig. 2A , as much as 50 to 75% of the toxin subunits remained cell associated in the wild-type strain (note that four times more supernatant volume was loaded onto the polyacrylamide gel compared to cellular material). Similar ratios of secreted versus cell-associated PT have been reported previously (20, 30) .
In the absence of the S1 subunit, the B oligomer is very inefficiently secreted. Previously, two groups of investigators addressed the question of whether the B oligomer can be secreted in the absence of S1 but reported conflicting results. Both studies were conducted before the discovery of the Ptl system; therefore, neither group investigated the role of the Ptl proteins in the secretion process. Pizza et al. reported that the S1 subunit is required for efficient secretion of PT (24) . They constructed B. pertussis mutants encoding an S1 subunit with one or more amino acid substitutions which altered the conformation of the S1 subunit and decreased its stability substantially. In these strains, the subunits comprising the B oligomer were secreted into the culture medium with much lower efficiency compared to PT in wild-type B. pertussis. In contrast, Antoine and Locht (1) reported that the B oligomer was efficiently secreted in the culture medium in the absence of the S1 subunit. These investigators constructed B. pertussis mutants with either an alteration in the cysteine residue at position 41 of S1 or with a deletion in the carboxy-terminal region of S1. The carboxy-terminal deletions encompassed as many as 48 amino acid residues, or approximately 20% of the mature form of S1, after cleavage of the N-terminal signal peptide. In all of the mutant strains, S1 could not be detected, but the S2 subunit, presumably as a component of the B oligomer, was efficiently synthesized and readily detected in the culture supernatant. Our results are consistent with those of Pizza et al. (24) . Several potential explanations for the discrepancies in results exist. For example, in the study by Antoine and Locht, while the mutant S1 subunits could not be detected (1), the possibility exists that they transiently associated with the B oligomer for amounts of time sufficient for export to occur and were then rapidly degraded. Also, these workers did not examine whether significant cell lysis might have occurred under the growth conditions that were used.
In this study, we also determined that in the absence of the B oligomer, S1 is not exported by the Ptl system. In strains lacking the B oligomer, we observed identical partitioning of S1 in culture fractions as well as identical profiles of the different forms of S1, whether or not the Ptl proteins were produced. While it appears from Fig. 4 that significant amounts of S1 were found in the culture supernatants of strains lacking the B oligomer, these findings must be interpreted cautiously. We have shown that some of the S1 observed in the supernatant of BP536⌬ptx(pDMC36) was likely released by cell lysis. In contrast to this strain, in BP536⌬ptx(pTH18), cell lysis (if it occurred) did not cause an apparent release of the B oligomer into the culture supernatant. It is possible that upon cell lysis, the B oligomer nonspecifically adhered to the surface of the cells. Alternatively, expressing S1 from a plasmid may be more detrimental to the cells than expressing the B oligomer from a plasmid. The detection of S1 in the culture supernatant of strains lacking the B oligomer also must be interpreted in view of the lack of stability of the S1 subunit. The concentrations of proteases within the bacterial cell are likely much higher than those in the supernatant. Therefore, S1 may be rapidly degraded within the cell, but if released, possibly by cell lysis, its lifetime could increase significantly, giving a false impression of the relative amount of S1 secreted compared to that which remains cell associated. Moreover, previous work has demonstrated that the Ptl system is critical for export of S1 when it is part of the holotoxin (20) . Finally, it appears that the S1 subunit and the B oligomer combine to form the holotoxin while still cell associated since the pattern of cell-associated S1 and its proteolytic fragments differ depending on whether the B oligomer is present. In the presence of the B oligomer, as in the wild-type B. pertussis strain shown in Fig. 4 , lane 7, only fulllength S1 was observed in the cellular material. In contrast, in strains lacking the B oligomer, proteolysis of cell-associated S1 was apparent (Fig. 4, lanes 3 and 5) . Therefore, it seems unlikely that S1 would normally be secreted by a non-Ptl-mediated mechanism independently of the B oligomer and then combine with the B oligomer in the culture supernatant only after secretion of both moieties of the toxin.
In summary, we have found that the Ptl system must be capable of exporting a multisubunit complex in that only the assembled form of the toxin is efficiently released from the bacterial cell via a Ptl-mediated mechanism. Individual components of the toxin are not effectively secreted by this mechanism. These studies shed light on the structural requirements for the secretion of PT. Further studies are needed to ascertain the detailed nature of interactions that may occur between PT and the Ptl system. FIG. 4 . Immunoblot analysis of S1 in cell extracts and culture supernatants of B. pertussis strains. Samples of culture supernatants (400 l) and cell extracts (100 l) were prepared as described in Materials and Methods. Samples were then subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis using monoclonal antibody 3CX4 to visualize the S1 subunit of PT. Positions of molecular size markers are indicated at the right in kilodaltons. The arrow indicates the protein band corresponding to full-length S1. Lane 
